Structural health monitoring of civil infrastructures is a difficult task, often impeded by the geometrical size of the monitored systems. Recent advances in conducting polymers enabled the fabrication of flexible sensors capable of covering large areas, a possible solution to the monitoring challenge of mesoscale systems. The authors have previously proposed a novel sensor consisting of a soft elastomeric capacitor (SEC) acting as a strain gauge. Arranged in a network configuration, the SECs have the potential to cover very large surfaces. In this paper, understanding of the proposed sensor is furthered by evaluating its performance at vibration-based monitoring of large-scale structures. The dynamic behavior of the SEC is characterized by subjecting the sensor to a frequency sweep, and detecting vibration modes of a full-scale steel beam. Results show that the sensor can be used to detect fundamental modes and dynamic input. Also, a network of SECs is used for output-only modal identification of a full-scale concrete beam, and results are benchmarked against off-theshelf accelerometers. The SEC network performs well at estimating both natural frequencies and mode shapes. The resolution of the sensor is currently limited by the available electronics to measure small changes in capacitance, which reduces its accuracy with increasing frequencies in both the time and frequency domain. 
INTRODUCTION

21
Structural health monitoring (SHM) of civil structures is the automation of the damage diagnosis, localiza- 2 , but its size and shape can be customized.
34
Sensors fabricated from flexible electronics have been previously proposed and studied for SHM applica- robustness, resulting in a larger surface coverage and higher sensitivity. Arranged in a network configuration,
44
the SECs can cover mesosurfaces at low cost, operate at low frequencies, and consume low power.
45
The concept of SHM using large SECs has been demonstrated by the authors using an off-the-shelf thin 
69
An SEC is fabricated using a drop-cast process, shown in Fig. 1 . First, the SEBS (Mediprene Dryflex)
70
particles are dissolved in toluene ( Fig. 1(a) ). The solution is doped with TiO 2 rutile (Sachtleben R 320 D)
71
by dispersing a 15% vol. concentration using an ultrasonic tip (Fisher Scientific D100 Sonic Dismembrator)
72
( Fig. 1(b) ). The SEBS-TiO 2 solution is drop casted on an 75 × 75 mm 2 glass slides and dries for 48 hours to allow the toluene to evaporate (Fig. 1(c) is adhered onto the surface using an epoxy in the x − y plane, and it is assumed that no external force acts 89 along the vertical axis z. Using Hooke's Law under plane stress assumption, ε z can be written as a function
90
of ε x and ε y :
FIG. 3. Sensing principle (layers not scaled).
Also, the SEC measured a low frequencies (< 1000 Hz) can be approximated as a non-lossy capacitor C:
where e 0 = 8.854 pF/m is the vacuum permittivity, e r the dimensionless polymer relative permittivity,
93
A = w · l the sensor area with width w and length l, and h the height of the dielectric. Assuming small 94 changes in C, the differential of Eq. (2) leads to an expression relating strain to a change in capacitance
95
∆C:
Using the expression for ε z from Eq. (1) into Eq. (3) gives an expression for the gauge factor
with the gauge factor equal to 1/(1 − ν). Here, the SEC materials can be approximated as incompressible
98
(the poisson ratio of pure SEBS ν ≈ 0.49 (Wilkinson et al. 2004 )):
which gives a gauge factor of 2. It follows from Eq. (5) that a possible disadvantage of the SEC is that the 100 sensor' signal corresponds to the additive strain in both x-and y-directions. A strategy to cope with this issue is to utilize a matrix of sensors, and exploit geometry and correlation to decompose the signal into both 102 principal strain components. The authors are currently developing algorithms to address this shortcoming.
103
In the proposed utilization for dynamic monitoring, this bi-directional measurement turns into an advantage,
104
where the sensor can detect modal properties in all directions.
105
Eq. (5) can be specialized for a uniaxial strain along the x-axis where ε y = −ν m ε x , with ν m being the
106
Poisson's ratio of the monitored material assumed to be significantly stiffer than the SEC:
or for a free-standing sensor (not bonded) undergoing uniaxial strain (σ y = 0, ε y = −νε x , ε x = ε):
which reduces the gauge factor to 1. Assuming that the Poisson ratio is mostly defined by the SEBS matrix, 109 the gauge factor is approximatively independent on the inorganic particles. However, the sensitivity of the 110 sensor ∆C/ε is directly dependent on the dielectric permittivity and sensor geometry. The sensitivity can 111 be increased by decreasing the SEC thickness, increasing the width, or increasing the dielectric permittivity, to the presence of white noise that becomes significant with respect to the SEC measurements. 
142
This reduction in peak strain is also observed in the sensor's frequency response. Fig. 8(b) shows the SEC by the analytical strain input (Fig. 8(a) ), obtained after windowing of the signal using a Tukey window to (Fig. 8(a) ) shows that the sensor can detect the frequency input over the range 1-40 Hz, useful 151 for vibration-based monitoring. (Fig. 9) . A chirp signal was generated manually and the signal from the SECs acquired over 162 35 seconds and sampled at 200 Hz.
163
A plot of the power spectral density (PSD) is shown in Fig. 10 
191
Seven accelerometers (PCB393C -1 V/g sensitivity with ±2.5 g measurement range) A1 through A7
192
were attached through permanent magnets onto 40 × 40 × 8 mm 3 steel plates that were glued onto the beam.
193
The accelerometers were wired to the central unit by means of short coaxial cables. SECs S1, S2, and S3
194
were glued over the beam at the locations corresponding to accelerometers A2, A3 and A4.
195
The beam was excited with an impulse hammer (PCB 086D20C41) using random hits in space and time.
196
The outputs of accelerometers were acquired through an 8 channels data acquisition module, model PXIe- 
Data analysis and results
202
Classic canonical variate analysis of stochastic subspace identification (SSI) (Van Overschee and De Moor 203 1996) is employed for data analysis, because of its known performances in output only modal identification.
204
An automated modal identification procedure based on clustering analysis is also used to automatically 205 interpret the results of SSI and provide modal parameters estimates (Ubertini et al. 2013 ).
206
Modal parameters of the RC beam were first estimated using accelerometers outputs and clustering The capability of SECs to detect fundamental modes of the RC beam is evaluated, at first, using stabiliza- that of accelerometers, demonstrating the capability of SECs to sense strain in two orthogonal directions.
231
Results generally confirm the ability of SECs to detect structural modes. Some differences in frequencies 232 of modes identified from accelerometers and SECs are conceivably caused by a variation in temperature in 233 the laboratory, as both sets of measurements were performed independently to reduce electromagnetic noise.
234
Other vertical alignments, not corresponding to estimated modes, are also visible in both SDs and probably 235 associated with residual spurious modes that can be eliminated via clustering analysis. The dynamic behavior of a novel thin film sensor for strain sensing of mesosystems has been characterized.
244
The sensor consists of a thin film polymer fabricated using inexpensive organic and inorganic particles.
245
The particular mix of SEBS and titania constituting the sensor provides mechanical robustness and good 246 sensitivity to strain.
247
Results show that the sensor was capable of detecting frequency inputs in the range 1-40 Hz, but the 
